This study was conducted to evaluate the effect of aerosol generation, methods of sampling, storage conditions, and relative humidity on the culturability of the mycobacteriophage D29. The lytic phage D29 can kill Mycobacterium tuberculosis, and the phage aerosol can be treated as a potential tool for tuberculosis treatment. The culturability of D29 was tested using a test chamber designed for the bioaerosols research against three spray liquids (deionized water, phosphate-buffered saline [PBS], and normal saline), four collection media (suspension medium [SM], nutrient broth, PBS, and deionized water), two sampling systems (the all-glass impinger AGI-30 and the Biosampler) and across a range of humidities (20 to 90%). The effect of storage conditions on the culturability of collected sample was also evaluated for the AGI-30 impinger. The results proved that viable phage D29 particles generated by deionized water were approximately 30-and 300-fold higher than PBS and normal saline, respectively. As collection media, SM buffer and nutrient broth were observed to yield a higher number of plaques compared to PBS and deionized water. No difference was observed in collection efficiency between AGI-30 and Biosampler with two detection methods (culture-based technique and real-time PCR). The culturability of collected D29 in SM buffer or nutrient broth can be maintained up to 12 h irrespective of storage temperature. Relative humidity was found to strongly influence airborne D29 culturability which is 2-to 20-fold higher in low humidity (25%) than medium (55%) or high (85%) humidity. This research will help identify the optimal means for the application of D29 aerosol in animal inhalation experiments.
T uberculosis, an infectious disease caused by Mycobacterium tuberculosis, was responsible for over 9 million new cases and almost 2 million deaths in 2008 alone (66) . Approximately 15% of the total population in Afghanistan is infected with tubercle bacillus (13) . Together with the emergence of multidrug-resistant and extensively drug-resistant strains and the human immunodeficiency virus (HIV) epidemic, tuberculosis is becoming one of the most significant threats to global health (67) .
The use of bacteriophage as an alternative to antibiotic therapy for bacterial disease is being reappraised in the Western world because of the emergence of multidrug-resistant bacterial infections (3, 5, 7, 54) . Phage therapy dates back to 1919, when d'Herelle (12) first treated an outbreak of avian typhosis among farmed chickens. However, the approach was abandoned in the west following the advent of clinical antibiotic treatment (25, 58) . To date, application of phage technologies in the field of treatment of various bacterial infections has shown significant success in studies in Eastern Europe and is still used today to treat patients (19, 29, 30, 56) . Recently, studies in animal models have demonstrated the effects of bacteriophage therapy on lung infections (6, 10) . Although a large number of M. tuberculosis bacteriophages have been observed and complete genomes are now available (22) , few published studies have described the use of them in therapy experiments (4, 23, 33, 57, 69) . Work with mycobacteriophage mostly concentrates on DS-6A, D29, and TM4 (35) . The high specificity of DS-6A makes it an attractive candidate for antituberculosis therapy, while D29 and TM4 have been used in tests for diagnosis and drug susceptibility (35, 38) . Early phage therapy experiments not only failed to cure experimentally infected guinea pigs but had an adverse effect on their survival (23, 33) . In 1991 Zemskova and Dorozhkova reported that DS-6A could have a beneficial effect in guinea pigs with disseminated tuberculosis, but its action was observed to be less than that of isoniazid monotherapy (70) . In 2002 Broxmeyer et al. proved that the lytic phage TM4 can kill intracellular pathogens (M. avium and M. tuberculosis) when delivered by a nonvirulent Mycobacterium sp. (4) . However, no further report about the therapeutic effect of TM4 can be found. In 2006, Peng et al. reported that phage D29 can kill the intracellular M. tuberculosis in vitro without any delivery system (47) . D29, a lytic phage, is one of the most commonly used mycobacteriophage for tuberculosis diagnosis (8, 9, 11, 16, 17, 36, 37, 39, 55, 69) . It is able to infect both slow-growing pathogenic mycobacteria, such as M. tuberculosis, and fast-growing environmental strains and will form visible plaques after overnight incubation on a lawn of fast-growing M. smegmatis (38) . Its potential as a therapeutic tool merits investigation.
The potential of phages as antibacterial agents lies in their ability to kill host cells at the end of an infectious cycle (45) . However, phage therapy may fail if an insufficient number of phage particles reaches the target organs to trigger the infection cycle (45, 46) . Since tuberculosis is primarily a disease of the lung (43), its treatment by phage aerosols can be considered. Recently, phage aerosol has been used to treat respiratory Escherichia coli infections in experimentally contaminated birds (46) . Clinical trials are also being considered for an aerosol variant for use in patients with cystic fibrosis (AmpliPhi Biosciences Corp.). Unfortunately, on the one hand, there is no evidence that aerosol delivery of phage would result in more phage reaching the lung than other routes such as injection and intranasal administration. On the other hand, phages tend to be rapidly inactivated by the reticuloendothelial system, but it is unknown whether phages delivered via aerosol would be retained longer in the lung (18, 41, 64) . Welldesigned animal exposure systems are needed to address these questions.
In order to better conduct animal inhalation studies, the properties of D29 aerosol have to be understood. Phage D29 with its long tail is fragile and the culturability of its aerosol may be affected by many factors, such as the relative humidity (RH), temperature, aerosolization medium, and sampling methods. Accordingly, in order to better understand the characteristics of the D29 aerosols and choose optimal conditions for survival in aerosols, we examined methodological influences of generation, sampling, storage conditions, and RH on D29 culturability.
MATERIALS AND METHODS
Phage suspension. Bacteriophage D29 was kindly provided by Guozhi WANG, National Institute for the Control of Pharmaceutical and Biological Products, China.
The bacterial host M. smegmatis mc 2 155 cells were propagated in 7H9 broth (Difco Middlebrook 7H9 broth; BD Inc.) for 60 h. Approximately 10 4 PFU D29 phages were mixed with 300 l of bacterial stock and 3 to 5 ml of 7H9 top agar (containing 0.7% agar). The mixture was plated on a 90-mm petri dish containing Middlebrook 7H10 agar (Difco Middlebrook 7H10 broth; BD Inc.). Ten such plates were prepared and incubated overnight at 37°C. Both 7H9 and 7H10 broth contained 10% (vol/vol) oleic acid-albumin-dextrose-catalase (OADC; BBL Middlebrook OADC Enrichment; BD Inc.), which was added when the temperature of the medium was below 60°C. After cultivation, the plates showed confluent lysis. The top agar in these plates was scraped into a tube, followed by the addition of 10 ml of suspension medium (SM containing 100 mM NaCl, 8.5 mM MgSO 4 ·7H 2 O, 50 mM Tris-Cl [pH 7.5], and 0.01% gelatin) (50) . The tube was centrifuged at 9,000 ϫ g for 10 min at 4°C to remove bacterial cells (42) , and the supernatant containing phage was stored at 4°C. The plaque assay described by Adams (1) was used to measure the bacteriophage concentration.
Aerosol generation and test system. The test chamber, which has a volume of 2.06 m 3 , is connected to the generation, sampling, autocontrol equipment, and auxiliary ports. The schematic diagram of the system is shown in Fig. 1 . Pipes transporting airstreams are connected to the left side of the test chamber. Dry, clean, and compressed laboratory air is divided into two streams: one is used for nebulization and the other for supplement or dilution. The flow rates of both airstreams are monitored and controlled with respective glass rotameters.
Aerosolization of phage D29 was achieved with a Collison 6-jet nebulizer (BGI Inc., Waltham, MA) into the chamber at a constant flow rate of 10 liters min Ϫ1 with dry and filtered air. This nebulizer is the gold standard for laboratory bioaerosol generation (49) . The concentration of phage D29 suspension in the nebulizer was 10 8 PFU/ml.
The AGI-30 sampler, an all-glass instrument with a curved inlet that has a 50% cut size of 0.3 m (44), was used to collect aerosols. The impingers were filled with 20 ml of sampling media (containing 0.005% antifoam and 0.01% Tween 80) and operated with a flow pump called MS-I. The flow pump was developed by our lab, and the flow rate and sampling time in this experiment were set at 12.5 liters min Ϫ1 and 5 min, respectively. The antifoam used in the experiments was olive oil.
Once the nebulizer was turned on, the aerosol was allowed to equilibrate inside the chamber for a generation time of 5 min before beginning of the 5-min sampling. The total generation time is 10 min. A port was used to supply the chamber with make-up air at a flow rate of 50 liter min Ϫ1 . When one experiment is finished, the remaining aerosol was filtered and expelled to the environment.
An aerodynamic particle sizer (APS, model 3321; TSI, Inc.) was used to measure the particle size distribution of the aerosol. The aerosol generated is described by the MMAD (mass median aerodynamic diameter) and the GSD (geometry standard deviation). MMAD is the particle diameter that halves the mass distribution, and GSD provides a representation of the uniformity of the particles (59) .
The temperature and relative humidity sensors are fixed in the inner wall and monitor the temperature and relative humidity. When the humidity is below the set value, the humidifier in the test chamber runs automatically. The temperature cannot be changed and is equal to the room temperature (25 Ϯ 2°C).
Test procedures. The optimal spray liquid was first evaluated based on the fraction of culturable phage particles in the sampled aerosol to that in the suspension pre-aerosolization. Because this test was not conclusive, the spray medium that resulted in highest fraction of culturable D29 was selected in the following experiments. This generation method was used to test for the most efficient collection fluid, sampler, and the influence of relative humidities on phage D29 culturability.
To increase the output of aerosol containing viable phage particles in animal exposure experiments, the ability of D29 to endure the aerosoliza-
FIG 1
Schematic diagram of the generation and sampling system. tion was evaluated. Three solutions containing no organic molecules to get rid of potential injury to animal respiratory tract were chosen as spray liquids. The media were sterile phosphate-buffered saline (PBS; containing 0.85% NaCl at 0.01 mol liter Ϫ1 [pH 7.2]), deionized water, and normal saline (containing 0.85% NaCl). The AGI-30 samplers were used to collect generated aerosols. Each spray experiment was performed at least in triplicate.
Although there are many sample liquids, four of them were selected to determine the best sampling medium for the D29 aerosols. They were PBS (containing 0.85% NaCl at 0.01 mol liter Ϫ1 [pH 7.2]), nutrient broth (with 0.5% NaCl), deionized water, and SM buffer. Each solution contained 0.01% Tween 80 to provide protection to phage D29 during sampling.
The Biosampler (SKC, Inc.) is also an all-glass instrument, similar in concept and shape to the AGI-30 impinger, but with three angled nozzles, causing impingement and centrifugal motions (65) . Both the AGI-30 and the Biosampler were filled with 20 ml of SM buffer and ran simultaneously at the recommended operational flow rate of 12.5 liters min Ϫ1 (Ace Glass, Inc.). The sampling was lasted for 5 min. After sampling completed, each collection liquid containing phage D29 was separated into two equal portions, one was inoculated for the plaque assay, and the other was treated for real-time PCR. The genome extraction and real-time PCR assay were both operated using the same protocol as that used to generate a standard curve.
Real-time PCR assays were performed with Line-Gene real-time PCR detection systems (BIOER, Inc., China). Primers and TaqMan-MGB probes were designed by Applied Biosystems (ABI, Inc.) for the detection and amplification of the conserved sequences (GenBank accession no. U81553.1). The sequences were as follows: forward primer, 5=-AGC TAC GCG GGT TCG ATTC-3=; reverse primer, 5=-CCG GTC CTC GGG CTA AAA-3=; and probe, 5=-FAM-CCG TCG CCC GCT CCA-3=-NFQ-MGB. The assay was carried out in 20-l volumes containing 1 l of 20ϫ TaqMan gene expression assay (a mixture of probe and primers; ABI), 10 l of 2ϫ TaqMan gene expression master mix (ABI, Inc.), 4 l of DNA template, and 5 l of RNase-free water. The PCR cycling protocol was as follows: initial step to active polymerase at 95°C for 10 min, followed by 40 amplification cycles of 95°C for 15 s (denaturation) and 60°C for 1 min (annealing and extension). Genomic DNA extraction from pure culture of D29 with the TIANamp virus DNA kit (Tiangen Inc., China) was performed according to the manufacturer's guidelines. Eight serial 1:10 dilutions of isolated DNA concentration corresponding to 4.22 ϫ 10 7 PFU l Ϫ1 were made, and when the threshold cycle (C T ) for each standard was plotted against the logarithm of starting quantity (PFU) in a 20-l reaction volume, the standard curve was obtained.
The survivability of the D29 aerosol was evaluated in different RHs. After the Collison nebulizer had nebulized for 10 min, the generated aerosol in the test chamber was allowed to decay for 15 and 30 min in low-RH (25% Ϯ 5%), medium-RH (55% Ϯ 5%) and high-RH (85% Ϯ 5%) conditions, respectively. Then, AGI-30 samplers filled with deionized water were operated to sample the aerosol for 5 min. The effect of RH on the variation in phage culturability was determined by calculating the logarithm of recovery rates.
Calculation of collection efficiency. The total recovery rate (TR) was used to evaluate the culturability and viability of aerosolized D29. The TR is defined as C test /C susp , where C test is the PFU m Ϫ3 , i.e., the number of infective phage particles in the test chamber, and C susp is the PFU ml Ϫ1 , i.e., the number of infective phage particles present in suspension preaerosolization. C test was obtained by adjusting results from the cultured impinger fluids in PFU ml Ϫ1 of liquid plated for volume of air passed through the samplers and final volume of liquid in the vessel. The TR was then calculated as: TR ϭ (C ϫ V sampler )/(Q sampler ϫ t ϫ C susp ), where C is the PFU in the sampler, V sampler is final liquid volume in the impinger, Q sampler is the sample flow rate, and t is sampling time. This is technically a unitless parameter, since both C test and C susp are measures of numbers of the phage.
Plaque assays were used to define concentration of the phage in the sample medium. Each collected sample was serially diluted 10-fold, and each solution was plated on duplicate plates and incubated at 37°C. After 16 to 20 h of cultivation, C was determined by PFU counting, which was done on plates containing between 30 and 300 plaques if samples in the impinger were diluted (60) .
Effect of storage conditions on phage D29 culturability. The effect of storage conditions of D29 collected by AGI-30 sampler was evaluated by determining the effect of storage temperature and storage time on the variations in phage culturability. The optimal sample medium determined in the above test was used. After sampling was completed, the sample from the collection fluid was inoculated as soon as possible (within 10 min) to determine the initial concentration, N 0 . Each collected sample was divided into two equal parts: one was stored at room temperature (25°C), and the other was refrigerated at 4°C. Each storage suspension was inoculated for plaque assay at 0, 1, 2, 4, 6, 8, 12, and 24 h, and the determined concentration was defined as N t . The effect of storage time on the variation of phage culturability was obtained by calculating the N t /N 0 ratio.
Statistic analysis. Data analysis was performed using the SAS statistical package version 8.2 (SAS Institute, Inc.). A one-way Kruskal-Wallis test was used to compare the recovery rates of three spray media. A oneway analysis of variance (ANOVA) was used to compare the difference in collection efficiencies of different sample liquids. The difference between AGI-30 and Biosampler was investigated using paired t tests. A difference was considered statistically significant if P was Ͻ0.05.
RESULTS
In order to evaluate the influence of spray liquids on phage culturability losses, TR results from the three spray liquids were analyzed and observed to be strongly influenced by medium components (Fig. 2a) . Significantly more D29 aerosol particles were generated when the spray fluid was deionized water ( 2 ϭ 8.7273, P Ͻ 0.05). The lowest number of particles was generated from the normal saline. The TR values corresponding to deionized water, PBS, and normal saline were 10.43 ϫ 10 Ϫ2 , 0.38 ϫ 10 Ϫ2 , and 0.03 ϫ 10 Ϫ2 , respectively. TR as an indicator of the number of viable D29 aerosol particles reflected that, compared to PBS or normal saline, deionized water is the preferred medium for D29 aerosolization.
The sampling efficiencies of the four sample media were evaluated. A significant difference was not detected between SM buffer and nutrient broth or between PBS and deionized water (ANOVA, P Ͻ 0.01; Fig. 2b ). The collection efficiency of SM buffer or nutrient broth was 6-fold higher than that of PBS and 40-fold higher than that of deionized water. The evaporate volumes of the four media were not significantly different in 5-min samplings ( 2 ϭ 4.4496, P Ͼ 0.05).
The standard curve (y ϭ -3.83x ϩ 41.32, R 2 ϭ 0.998) calculated by cycler instrument software was used to define the concentrations of unknown samples collected by AGI-30 and Biosampler. The collection efficiencies of the two impingers were not significantly different (culture: t ϭ 1.255266, P Ͼ 0.05; real-time PCR: t ϭ 0.617425, P Ͼ 0.05). This is irrespective of whether the sample was measured by plaque assay or real-time PCR. The results are shown in Table 1 . D29 phage aerosol particles in the test chamber measured by plaque assays accounted for 1 to 10% of that measured by real-time PCR. There were almost no bubbles during the Biosampler operation compared to strong bubbles in the AGI-30, but the evaporate volumes of the two samplers were similar in 5 min.
The total recovery rates of phage D29 after it decayed for 15 min in high-RH (85% Ϯ 5%), medium-RH (55% Ϯ 5%), and low-RH (25% Ϯ 5%) conditions were 0.81 ϫ 10 Ϫ2 , 0.41 ϫ 10 Ϫ2 , and 2.12 ϫ 10 Ϫ2 , respectively, whereas after 30 min of decay in the test chamber the total recovery rates in high-, medium-, and low-RH conditions were 0.24 ϫ 10 Ϫ2 , 0.09 ϫ 10 Ϫ2 , and 1.82 ϫ 10 Ϫ2 , respectively. Figure 2c shows that the inactivation of the D29 aerosols appeared to be the most rapid at a medium RH, followed by high and low RH levels. Phage D29 had a culturability retention of almost 100% in both sample media (SM buffer and nutrient broth) up to 12 h, irrespective of storage temperature. Up to 1 day, the culturability retention of the phage in SM buffer was more than 80% when the sample was stored at 4°C as well as room temperature and, in nutrient broth, the culturability retention of the phage was almost 100% when the sample was refrigerated compared to Ͻ80% when the sample was stored at room temperature. Figure 2d shows the kinetic curves of concentration variation for up to 1 day of storage.
DISCUSSION
The present study examined the effects of a combination of spray media, sampling techniques and storage conditions as well as relative humidities, on the survivability of phage D29. To our knowledge, this is the first systematic study of the D29 aerosols and is beneficial for future phage aerosol respiratory challenge in animal studies.
Aerosolization can inactivate some viruses to a certain extent (27) . Organisms are subject to many stresses during the aerosol generation process within the device (32) . The maintenance of their integrity and infectivity depends on the nature of nebulizers or spray liquids. To minimize the loss of viability loss of organisms, selection of a suitable nebulizer or spray liquid is important. In the present study, Collison nebulizer was used and three spray liquids-deionized water, PBS, and normal saline-were evaluated. The result demonstrated that deionized water is better than PBS and normal saline. The fact that PBS and normal saline both
FIG 2
The results of plaque assays were used to calculate the total recovery rates. (a) Total recovery rates for D29 aerosols as a function of spray liquids; (b) total recovery rates of four sample liquids for D29 aerosols; (c) effect of relative humidity on the recovery rates of the D29 aerosols in the test chamber after it decayed for 15 min () and 30 min (); (d) effect of storage temperature and storage time on phage D29 culturability (, 4°C, the sample medium is nutrient broth; , 25°C, the sample medium is nutrient broth; OE, 4°C, the sample medium is SM buffer; , 25°C, the sample medium is SM buffer). Each column represents the mean value of at least three experiments, and the error bars represent the standard deviation. have higher ion strength and salt concentrations than deionized water indicates that these factors may be detrimental to phage D29 in the bioaerosol generation process. The properties of generated aerosols with three spray liquids were identical as a function of particle size distribution (data not shown). The MMADs of D29 aerosol particles corresponding to deionized water, PBS, and normal saline were 2.48, 2.7, and 2.4 m, respectively. The mass distribution conforms to other bioaerosol particles produced by a Collison nebulizer, which is used to generate aerosols with an MMAD of 1 to 3 m for animal exposure studies (34, 59) . D29 aerosol particles of this size would be expected to deposit in all regions of the rodent respiratory tract (40, 48, 52) . The examination of spray liquids is important for future D29 aerosol respiratory challenge experiments. More viable phageladen aerosol will be generated with deionized water. Thus, for the same dose to be inhaled, less exposure time is required for rodents, which may minimize stress during the exposure procedure.
Effective monitoring of bioaerosols requires the efficient collection of microorganisms from the air, and collecting media are essential for maintenance and recovery of microorganisms (2, 53) . Bioaerosol samplers have collection efficiencies of Ͻ100% because of sampling stresses. The stresses cause injury to organisms and lead to the loss of viability. Therefore, a good sample medium, reflecting the concentration of bioaerosol in air accurately, should be selected to limit the injury and used to calculate virus concentrations in ambient sampling studies or in the calculation of dosage during respiratory challenges. In the present study, four sample media were evaluated. PBS, nutrient broth, and deionized water are frequently used to collect artificially produced phage aerosol, while SM buffer has rarely been used (15, 26, 50, 59, 61) . The results proved that SM buffer and nutrient broth are excellent in collecting phage D29. The efficiency of capturing culturable D29 was decreased 85% for PBS and 98% for deionized water compared to SM buffer or nutrient broth. This differs from previous reports for other phages (MS2, T7, X174, and 6), which showed no difference exists between nutrient broth and deionized water at 55% RH (61) . In another study, Yu et al. (68) concluded that SM buffer has a high survival probability for four bacteriophages (Phix174, SM701, SM702. and EcP1) during bubbling aeration. Our finding provided further evidence that SM buffer is a promising sampling solution for liquid impingers in the process of sampling phages. In this experiment, all four liquids were added with Tween 80, which may play an important role in D29 survival. In our preliminary experiments, PBS without Tween 80 collected Ͻ10 PFU ml Ϫ1 phage D29 in 5 min compared to 4 ϫ 10 3 PFU ml Ϫ1 with the additive. This is probably because the wetting agent reduces surface tension of water and lowers the impact on phage D29 due to air sampling. However, there were strong bubbles in AGI-30 during sampling when Tween 80 was added to the collection fluids. The bubbles may more or less increase the reaerosolization and evaporation.
AGI-30 and SKC Biosampler are both liquid impingers. They work by accelerating airborne particles through narrow orifices placed at a fixed distance from the bottom of flasks containing liquids. Biosampler is designed to increase bioaerosol viability by minimizing shear forces (65) . However, our finding does not show a difference in the collection efficiency between AGI-30 and Biosampler for D29. This result is consistent with the findings of Rule et al. (49) and Lin et al. (31) , who reported nonstatistical differences between the two samplers with vegetative cells of Pantoea agglomerans and Pantoea fluorescens, respectively. However, it is different from the results of Kim et al. (28) and Hogan et al. (26) , who reported that Biosamplers detect more airborne transmissible gastroenteritis virus and fewer airborne MS2 and T3 bacteriophages than AGI-30 samplers, respectively. This suggests that Biosampler may be better than AGI-30 for some organisms, but not for others.
The two samplers were assessed with two detection techniques: culture-based techniques and real-time PCR. The disadvantage of culture-based techniques is that not all organisms are culturable, while they still may be viable (24) . Real-time PCR assay, a rapid detection method, provides better detection of airborne microorganisms which may be nonculturable, but a limitation is the inability to distinguish between nonviable and viable organisms (14) . In the present test, two techniques were combined for quantification of phage D29. Real-time PCR assays estimated concentrations of total phages (including dead, viable but not cultivable, and cultivable) that were 10-to 100-fold greater than that using the plaque assay method. This result is consistent with Wen et al. (63) , who made a comparison between the SYBR green quantitative PCR method and the culture method based on the D29 aerosols. By directly comparing the two techniques, a direct comparison was obtained between the total number with the number of cultivable phage. Considering the potential health effect caused by nonculturable phages, the two detection methods should be combined to define the total and culturable phage particles in the future D29 aerosol exposure experiments.
RH, one of the most widely studied factors, affects airborne virus infectivity, including phages. A low RH tends to preserve the infectivity of enveloped viruses, while the stability of nonenveloped viruses is best preserved at a high RH (62) . However, there is no absolute correlation between RH and the preservation of infectivity of bioaerosols; for example, human rotavirus is most stable at intermediate RH (51) . The impact of RH should be determined for each virus. In the present test, the survivability of phage D29 with a tail fiber was found to be highest at a low RH and moderate at a high RH. Previous work showed that the recovery rates of other tailed phages T7, T1, and T3 are highest at 85% RH (20, 21, 61) . Since all of the four phages are nonenveloped and T1 and D29 are long tail phages, whereas T3 and T7 are phages with short tails, there must be other factors involved. The moisture film formed at a high RH, which has been stated to protect delicate tail fibers of phage from sampling stress, is not protective for D29 (21) .
Phage D29 stock with a high titer (Ͼ10 8 PFU ml Ϫ1 ) in SM buffer can preserve the culturability for at least 1 month when stored at 4°C. However, the result of collected airborne phages with a low concentration may be different. In the present study, the effect of storage temperature and storage time on the variation in phage D29 culturability was evaluated for AGI-30 as the bioaerosol sampler. Both SM buffer and nutrient broth as optimal collection media were used. In 12 h, the culturability of phage D29 did not change in both media when stored at 4 or 25°C. Up to 24 h, it still did not change in nutrient broth when stored at 4°C. However, there is some decrease in nutrient broth when stored at 25°C and in SM buffer at both temperatures, suggesting that collected samples should be processed as soon as possible, but if not, at least within 12 h.
In conclusion, the optimal spray liquid for D29 aerosol generation is deionized water, and SM buffer and nutrient broth are excellent in D29 aerosol sampling. The AGI-30 impinger exhibits a collection efficiency identical to that of the Biosampler with the two detection methods being used (culture-based and real-time PCR). Collected samples in SM buffer or nutrient broth should be titered by plaque assays in 12 h. The D29 aerosol inactivation appears to be slower at a low RH (25%) than at a high RH (85%) or a moderate RH (55%). These observations have significant implications for the assessment of the safety of D29 aerosol and its role in tuberculosis treatment. Special thanks are reserved for the personnel involved in completion of the experiments.
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